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Notch is a conserved cell surface receptor that is activated through direct contact with neighboring ligand-expressing cells.
The primary 300-kDa translation product of the Notch1 gene (p300) is cleaved by a furin-like convertase to generate a
heterodimeric, cell-surface receptor composed of 180- (p180) and 120- (p120) kDa polypeptides. Heterodimeric Notch is
thought to be the only form of the receptor which is both present on the cell surface and able to generate an intracellular
signal in response to ligand. Consistent with previous reports, we found that disruption of furin processing of Notch1, either
by coexpression of a furin inhibitor or by mutation of furin target sequences within Notch1 itself, perturbed ligand-
dependent signaling through the well-characterized mediator of Notch signal transduction, CSL (CBF1, Su(H), and LAG-1).
Yet contrary to these reports, we could detect the full-length p300 Notch1 product on the cell surface. Moreover, this
uncleaved form of Notch1 could suppress the differentiation of C2C12 myoblasts in response to ligand. Taken together,
these data support our previous studies characterizing a CSL-independent Notch signaling pathway and identify this
uncleaved isoform of Notch as a potential mediator of this pathway. Our results suggest a novel paradigm in signal
transduction, one in which two isoforms of the same cell-surface receptor could mediate two distinct signaling pathways
in response to ligand. © 2001 Academic Press
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The type I transmembrane cell surface receptor Notch is
activated by ligands expressed on the surface of neighboring
cells to direct correct cell specification, patterning, and
morphogenesis within virtually all metazoan organisms
studied to date (Artavanis-Tsakonas et al., 1999; Gridley,
1997; Weinmaster, 1997). Correct processing of the Notch
receptor by several different proteases appears critical
throughout the life of the receptor for its correct function
(reviewed in Chan and Jan, 1998, 1999; Weinmaster, 2000).
Indeed, from its initial expression on the plasma membrane
through its response to ligand-mediated activation, Notch
is a substrate for at least three distinct proteolytic enzymes.
1 To whom correspondence should be addressed. E-mail:
1gweinmaster@mednet.ucla.edu.
494he first such enzyme is the calcium-dependent serine
rotease known as furin (Logeat et al., 1998).
Furin functions during trafficking of nascent Notch pro-
eins to the plasma membrane. Either at or near the plasma
embrane, furin cleaves full-length, 300-kDa (p300)
otch1 to produce a heterodimer of 120- (p120) and 180-
Da (p180) subunits which remain associated at the cell
urface (Blaumueller et al., 1997; Logeat et al., 1998; Rand
t al., 2000). It has been reported that this heterodimer is
he only form of Notch which is found on the plasma
embrane, a location at which Notch would be receptive to
igand expressed on neighboring cells. Consistent with this
dea, interfering with heterodimer formation by inhibiting
urin activity antagonizes Notch’s ability to activate its
ignaling intermediate, CSL (CBF1, Su(H), and LAG-1), and
hereby upregulate expression of downstream Notch target
enes, including HES family members (Jarriault et al.,
998). It has been proposed, therefore, that only the furin-
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495Ligand-Induced Signaling by Uncleaved Notch1processed, p180/p120 heterodimer is a functional, ligand-
responsive form of Notch.
Here we report that, in addition to heterodimeric Notch1,
uncleaved p300 Notch1 is also present on the cell surface
and, like the heterodimer, can transduce an intracellular
signal in response to ligand-mediated activation. Using
inhibitors of furin and furin-resistant Notch1 mutants, we
provide the first evidence that uncleaved, p300 Notch1 can
function as a ligand-activated receptor which signals inde-
pendent of the well-characterized mediator of Notch signal-
ing, CSL. We and others have previously demonstrated such
a CSL-independent signaling pathway for Notch, one which
appears in both vertebrate and invertebrate systems (Ligoxy-
gakis et al., 1998; Nofziger et al., 1999; Rusconi and Corbin,
1998; Shawber et al., 1996; Wang et al., 1997; Zecchini et
al., 1999). Yet how two different signal transduction cas-
cades might originate from the same transmembrane recep-
tor, in response to the same ligand, has remained unclear.
Our finding that the uncleaved, 300-kDa form of Notch1
initiates signal transduction provides a tantalizing explana-
tion: two different Notch isoforms on the cell surface, the
furin-processed (p180/p120) and unprocessed (p300) forms,
direct two separate signaling pathways in response to li-
gand, one which requires the transcription factor CSL and
one which does not.
MATERIALS AND METHODS
Constructs, Transfections, and Cell Culture
The DFC and DFC constructs of rat Notch1 (GenBank Accession
No. X57405) were generated by PCR overlap mutagenesis and ligated
into the pEF-Bos mammalian expression vector (Mizushima and
Nagata, 1990). In each case, the final construct was sequenced to
confirm the mutations generated during the PCR amplification. For
N1DFC the 59 end of the deletion was PCR-amplified from rat Notch1
sing 59TGCAACCTTCAGTGTTAATAAT and 59GAATTCG-
AGCTCTTCCTCGCGGCC oligonucleotides (nucleotides 4627–
647 and 5101–5119 of rat Notch1, respectively). The 39 end of the
eletion was amplified using 59GGAAGAGTACGAATTCG-
CAGTGTGTACAGTCATCTG and 59GCACGAAGGCAGCT-
CCGCCACGTAC oligonucleotides (nucleotides 5258–5280 and
421–5445 of rat Notch1). The products of these two PCR reactions
ere mixed and used to template a third PCR amplification using the
ost 59 and 39 Notch1 oligonucleotides. The product of this third
amplification was digested with BsmBI and MluI (New England
iolabs) and ligated into BsmBI/MluI-digested rat Notch1. The final
onstruct encoded an in-frame deletion of rat Notch1 amino acids
628–1673. The DFC construct was generated using the 59 PCR
verlap template amplified from rat Notch1 using oligonucleotides
9TGCAACCTTCAGTGTAATAAT and 59GAAGGATTGCGAG-
ATGACTGTAGAGACTG (nucleotides 4627–4647 and 5260–5289
f rat Notch1), and the 39 overlap template was generated by ampli-
ying from 59CTGTGAGGGCAGCGGAGGCTC and CAGTCTG-
ACAGTCATCCTCGCAATCCTTC (nucleotides 5389–5409 and
260–5289 of rat Notch1). The products of these two reactions were
ombined and used to template a third PCR using the oligonucleo-
ides from the most 59 and 39 sequences of Notch1. The final PCR was
igested with BsmBI and MluI (New England Biolabs) and ligated into
Copyright © 2001 by Academic Press. All rightsmBI/MluI-digested Notch1. DNA sequencing identified the follow-
ng mutations in DFC: F/V1592, D/G1595, V/L1596, C/S1674, and
/S1681.
To generate stable lines, C2C12 mouse myoblasts (ATCC) were
otransfected with the constructs described above and the neomy-
in resistance gene as previously described (Lindsell et al., 1995;
hawber et al., 1996). Stably expressing cell lines were selected
ith 400 mg/ml G418 (GIBCO BRL) and expression levels were
determined by immunofluorescence, Northern, and Western anal-
yses. The Jagged-expressing Ltk2 fibroblast cell line has been
previously reported (Lindsell et al., 1995; Nofziger et al., 1999). To
ontrol for clonal variation, a number of independent cell lines
ere developed and examined in this study; data from a represen-
ative clone is presented for each different N1-expressing myoblast
ell line.
C2C12 cells were cultured in growth medium consisting of
ulbecco’s modified Eagle medium (DMEM; GIBCO BRL) supple-
ented with 10% fetal bovine serum (FBS) and 5% Cosmic calf
erum (HyClone). The C2C12 cell fusion and coculture assays have
een described in detail previously (Lindsell et al., 1995; Nofziger
t al., 1999; Shawber et al., 1996). Culturing cells in DMEM
ontaining 10% horse serum induced muscle cell differentiation.
Cell Surface Labeling and Western Blotting
For biotinylation of cell surface proteins cell lines were plated in
10-cm dishes and grown to confluence. Plates were washed three
times with cold PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4) and then incubated with either PBS
lone (nonbiotinylated control) or PBS containing 0.5 mg/ml NHS-
ulfo-biotin (Pierce) for 2 h on ice at 4°C. The biotin solution was
emoved and replaced with cold DMEM and the plates were
ncubated at 4°C for 10 min. The cells were washed twice with cold
BS and lysed in RIPA (20 mM Tris, pH 7.5, 2 mM EDTA, 150 mM
aCl, 1% NP-40, 1% deoxycholate, 0.1% SDS). The lysates were
ncubated on ice for 10 min and then centrifuged at 14,000g for 10
in to remove cellular debris. The biotinylated proteins were
ubjected to two separate rounds of streptavidin precipitations as
ollows: The lysates were incubated with 40 ml streptavidin-agarose
beads (SA; Pierce Immunopure immobilized streptavidin) for 4 h at
4°C on a rotator. The SA beads were removed by centrifugation and
washed three times with 1 ml RIPA and one time with 0.9% NaCl,
prior to resuspension in 23 sample buffer. These beads were stored
at 220°C. The cell lysates were incubated overnight with an
additional 30-ml aliquot of SA beads. The SA beads from the second
round of precipitation were isolated and washed as before and
combined with the eluate from the first precipitation round for
separation by SDS–PAGE using a 6% gel matrix. Following SDS–
PAGE and transfer to Immobilon-P (Millipore), Notch proteins
were identified by probing with 5261 (1:5000) and 93-4 (1:5000) and
then detected using ECL (Amersham). HEK 293T cells were tran-
siently transfected with 2 mg of plasmid DNA using the calcium
phosphate method. Proteolytic processing of mutant proteins was
analyzed following immunoprecipitation and immunoblotting
with 93-4 and detected with 125I-labeled protein A (ICN). Dynamin
was detected by immunoblotting with a polyclonal antibody raised
against rat dynamin (BAbCO PRB-425C). Exposed films were
reproduced for publication after scanning with ScanMaker II (Mi-
crotek) using PhotoShop (Adobe) software.
s of reproduction in any form reserved.
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496 Bush et al.Northern Blot Analysis
RNA isolation and Northern blot analysis were performed as
previously described (Lindsell et al., 1995; Nofziger et al., 1999;
Shawber et al., 1996). Briefly, total RNA (10 mg) was resolved by
lectrophoresis, transferred to nylon membrane (MSI), and stained
ith methylene blue to verify equal transfer of RNA. The MLC2
robe was a 700-bp EcoRI fragment released from pV2LC2 that was
abeled in a random-primed reaction (Prime It II; Stratagene).
CBF1 Transactivation Assays
For ligand-dependent CBF1 transactivation assays, cell lines
were plated in 10-cm plates to reach a density of 60–70% at the
time of lipofection. Each plate received 4.25 mg of DNA containing
2.5 mg of the CBF1-luciferase reporter construct (4xwtCBF1Luc
plasmid) and 0.25 mg pRL-TK (Promega). pRL-TK was included in
the transfection mix to control for differences in transfection
efficiency. DNA in a total volume of 0.8 ml DMEM (no serum or
antibiotics) per plate was combined with 0.8 ml DMEM containing
20 ml Lipofectamine (Gibco BRL) and incubated for 45 min at room
emperature. Cell monolayers were washed twice with DMEM.
he volume of the DNA/Lipofectamine mixture was increased to 5
l with DMEM and placed on cells. Cells were incubated in this
ixture at 37°C in 5% CO2 for 5 h. The DNA/Lipofectamine
mixture was replaced with DMEM containing 10% FBS and the
cells were allowed to recover at 37°C for an additional 7–9 h. Cells
were split into 2 3 3 wells in DMEM110% FBS. Ligand cells were
added to the monolayer of C2C12 cells 16–24 h after splitting.
After 24 h of coculture, the cultures were lysed in 0.5 ml reporter
lysis buffer (Promega) and 20 ml of lysate was assayed for luciferase
ctivity in the TD-20/20 Luminometer (Turner Designs) using the
ual-Luciferase Reporter Assay System (Promega) following the
anufacturer’s instructions.
RESULTS
Detection of Uncleaved and Furin-Processed
Heterodimeric Notch at the Cell Surface
During its transit to the plasma membrane, the 300-kDa
(p300) Notch1 translation product is cleaved by furin to
generate N-terminal 180-kDa (p180) and C-terminal 120-
kDa (p120) polypeptides which remain associated at the cell
surface as a heterodimer (Fig. 1A). Antibodies directed
against either the extracellular or the intracellular portions
of Notch1 can resolve all three forms of Notch1 (p300,
p180, p120) when whole-cell lysates from Notch1-
expressing cells are examined by immunoblotting (Aster et
al., 1994; Blaumueller et al., 1997; Redmond et al., 2000;
hawber et al., 1996). Yet the only form of Notch reported
o exist at the cell surface, where it could be activated by
igand, is the furin-processed p180/p120 heterodimer (Blau-
ueller et al., 1997; Logeat et al., 1998; Rand et al., 2000).
Consistent with this observation, disruption of furin cleav-
age of Notch1 perturbs activation of an important mediator
of Notch signal transduction, CSL (Logeat et al., 1998),
suggesting that this processing event is required for ligand-
induced signaling. However, in addition to the p180/p120
heterodimer, we routinely detect uncleaved, p300 Notch1 N
Copyright © 2001 by Academic Press. All rightn the streptavidin-precipitated protein pool from tran-
iently transfected, biotinylated HEK 293T cells using an-
ibodies raised against the extracellular (5261) or intracel-
ular (93-4) domains of the receptor (Figs. 1A and 1B).
herefore, in transiently overexpressing cells, it is possible
o detect unprocessed, p300 Notch1 on the cell surface.
To expand our biochemical analysis of uncleaved and
eterodimeric forms of Notch, we generated a mouse fibro-
last cell line stably overexpressing N1 (N1-7), which
emoved the variable of transfection efficiency in the com-
arison of different cell-surface labeling protocols. In par-
icular, we were concerned with inconsistencies reported
y other investigators regarding detection of unprocessed,
300 Notch1 at the cell surface.
We found that the commonly reported inability to detect
300 might be due to insufficient streptavidin incubation of
iotinylated proteins. Having biotinylated our stably ex-
ressing cells at 4°C to minimize internalization of either
eceptor or biotin substrate, we increased the streptavidin
recipitation of protein biotinylated on the cell surface
rom the typically reported 2 h to overnight. This extended
treptavidin incubation allowed us to considerably enhance
he detection of unprocessed, p300 Notch1 on the surface of
FIG. 1. Both uncleaved Notch1 and furin-processed het-
erodimeric Notch1 are at the cell surface. (A) Schematic represen-
tation of uncleaved p300 Notch1 and proteolytically cleaved,
heterodimeric p180/p120 Notch1. The rat Notch1 gene encodes a
polypeptide of approximately 300 kDa (p300). Cleavage by furin
produces two fragments with different apparent molecular weights:
a 180-kDa polypeptide (p180) consisting of most of the extracellular
domain and a 120-kDa polypeptide (p120) containing ;75 extracel-
lular amino acids, the transmembrane domain, and cytoplasmic
sequences. p180 and p120 remain associated as a complex at the
cell surface as demonstrated by cell-surface labeling and coimmu-
noprecipitation experiments. 5261 and 93-4 are rabbit polyclonal
antisera raised to the depicted portions of rat Notch1 (Shawber et
al., 1996). (B) Biotinylation of HEK293T cells transiently trans-
fected with plasmids encoding Notch1 (N1) or vector sequences (V),
followed by precipitation of labeled proteins with streptavidin-
agarose beads and detection of Notch-specific proteins by Western
blotting (WB), identified p300 and p180 using the 5261 antibody
and p120 using the 93-4 antibody. Quantitation of biotinylated
proteins detected with 5261 indicated that heterodimeric Notch
(p180) is present in approximately 20-fold excess over uncleaved
Notch (p300).1-7 cells (Fig. 2A). We confirmed that this detection of
s of reproduction in any form reserved.
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497Ligand-Induced Signaling by Uncleaved Notch1p300 was not an artifact of inadvertent cell lysis during our
biotinylation procedure by showing that, while we could
detect abundant levels of the cytoplasmic protein dynamin
in the lysates of biotinylated cells, we could not detect
dynamin among streptavidin-precipitated proteins (Fig. 2B).
Given the time dependence of streptavidin-mediated pre-
cipitation of biotinylated p300 Notch1 on the plasma mem-
brane, we used this extended incubation time to study the
composition of Notch isoforms on the surface of our stable
C2C12 cell lines (see Fig. 4B).
Streptavidin-mediated depletion of biotinylated cell-
surface proteins confirmed that, while a small proportion of
uncleaved p300 does reside on the cell surface, the majority
FIG. 2. Biotinylation experiments indicate that p300 and het-
erodimeric Notch differ in their relative levels of cell surface
expression. (A) p300 Notch is readily detectable only after over-
night incubation with streptavidin beads since a 2-h incubation
with streptavidin beads was not sufficient to detect all biotinylated
p300. N1-7 cells were biotinylated (1Biotin), lysed, and incubated
with streptavidin beads which were removed by centrifugation
after 2 h, and the remaining lysate was incubated with a fresh
aliquot of streptavidin beads overnight (O/N). The amount of p300
Notch isolated by treatment with streptavidin beads for 2 h (2 hr)
was compared with that remaining after an O/N incubation and
detection by immunoblotting with 5261. (B) The intracellular
protein dynamin is not labeled during the biotinylation procedure.
Dynamin is readily detected from whole-cell RIPA cell lysates (L)
prepared from biotinylated N1-7 cells immunoblotted with anti-
bodies to dynamin, while dynamin is not detected following O/N
treatment with streptavidin beads (B). (C) An overnight incubation
of the same lysates with streptavidin beads resulted in nearly
complete depletion of heterodimeric Notch1 as represented by the
amount of p180 remaining (lane 2) compared to the amount of p180
detected from lysates prior to streptavidin treatment (lane 1).of this Notch1 isoform is cytoplasmic. As shown in Fig. 2C,
Copyright © 2001 by Academic Press. All right95% of heterodimeric Notch1 (represented by p180) can
e biotinylated and precipitated with streptavidin beads,
ndicating almost complete cell surface expression of this
soform. Conversely, ;90–95% of p300 Notch1 fails to be
iotinylated and removed from the lysate by streptavidin
recipitation (Fig. 2C, lane 2). From this and similar analy-
es, we estimate that only ;5–10% of the p300 Notch1
isoform is normally present on the cell surface of N1-7
cells. The relative proportion of heterodimeric to unproc-
essed Notch1 on the surface of N1-7 cells was consistent
with that detected in Notch1-overexpressing C2C12 cells
(see Fig. 4B, lane 2): furin-processed Notch1, seen as ectopic
p120 with the 93-4 antibody, appeared to be in a 10- to
20-fold excess relative to unprocessed p300 following bioti-
nylation and streptavidin precipitation.
We postulate that the inherently low cell-surface expres-
sion of p300, combined with insufficient streptavidin incu-
bation times, could explain the failure of some investigators
to detect p300 Notch1 on the plasma membrane. Even
when we overexpressed Notch1 protein by transient trans-
fection in HEK 293T cells, the level of p300 we measured on
the cell surface was ;20-fold less than that detected for
heterodimeric Notch (Fig. 1B). For our analysis in N1-7
cells, we quantitated the p180 fragment, as a measure of
furin processing, since it is closer in size to p300 and is also
detected by the same Notch1 antibody (5261) (Fig. 1B).
We and others have further confirmed that detection of
p300 Notch1 on the plasma membrane is not an artifact of
ectopic overexpression through demonstration of uncleaved
Notch1 on the surface of several different primary and
continuous cell lines. For example, full-length Notch1 is
detected following biotinylation of embryonic rat cortical
neurons (Redmond et al., 2000) as well as C2C12 myoblasts
(this report). In fact, full-length forms have been detected on
the plasma membrane for three of the four mammalian
Notch homologues: Notch1 (Ray et al., 1999; Redmond et
al., 2000; this study), Notch2 (Blaumueller et al., 1997), and
Notch3 (Joutel et al., 2000). In all cases in which het-
erodimers are readily detected on the plasma membrane,
uncleaved forms of Notch are also seen, making it possible
that these unprocessed receptors might interact with ligand
on neighboring cells and transduce an intracellular signal.
Given this intriguing possibility, we investigated the pos-
sible role for uncleaved, p300 Notch1 in ligand-mediated
signal transduction.
Furin Processing of Notch1 to Generate the p120/
p180 Heterodimer Is Necessary for Signal
Transduction through CSL
To examine the role of furin processing on Notch1 signal
transduction, we utilized a novel furin inhibitor, AT-EK1.
This construct is a derivative of a1-anti-trypsin Portland
(AT-PDX), a global furin inhibitor which was shown to
inhibit both Notch1 processing by furin and activation of a
downstream Notch target gene, HES1 (Jarriault et al., 1998;
Logeat et al., 1998). AT-EK1 was engineered to inhibit furin
s of reproduction in any form reserved.
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498 Bush et al.processing of Notch1 more specifically than AT-PDX by
virtue of its close resemblance to the Notch1 target se-
quence for furin (RQRR for Notch1 vs RIRR for AT-EK1;
E. K. Dufour et al., manuscript in preparation). We chose to
perform this biochemical analysis of AT-EK1’s effect on
Notch processing by cotransfecting both Notch1 and AT-
EK1 into HEK293T cells, which do not express endogenous
Notch1 (Fig. 4A, lane 1) and are known to express high
levels of multiple transgenes in the same cell.
When AT-EK1 was transiently coexpressed with Notch1
in HEK293T cells, the amount of furin-processed Notch1
heterodimer (p120) detected on the cell surface, following
biotinylation of transfected cells, decreased in a dose-
dependent manner (Fig. 3A). Interestingly, the amount of
unprocessed Notch1 (p300) detected on the cell surface
increased as heterodimeric Notch1 processing was inhib-
ited. This finding suggests that furin processing is not
required for cell-surface expression of Notch1, in contrast
to a previous report (Logeat et al., 1998). Having shown the
effectiveness of this construct in disrupting furin processing
of Notch1, we used AT-EK1 to test and confirm the impor-
tance of furin processing in ligand-mediated Notch signal-
ing through CSL transactivation.
We began our study of signal transduction through un-
cleaved Notch1 by measuring its ability to transactivate a
CSL-luciferase reporter in the presence of ligand. After
cotransfecting Notch1-expressing myoblasts with a CSL
reporter construct and increasing amounts of AT-EK1
DNA, we cocultured them with cells expressing the
Notch1 ligand Jagged1. When we measured CSL transacti-
vation within the Notch1-expressing myoblasts from a
luciferase reporter driven by four tandem repeats of the
CBF1-binding site (Hsieh et al., 1996; Nofziger et al., 1999),
we saw a diminution of luciferase expression with in-
creased amounts of transfected AT-EK1 DNA (Fig. 3B).
Note that this decrease in CSL transactivation mirrors the
decrease in Notch1 heterodimer on the surface of HEK293T
cells in the presence of AT-EK1 (Fig. 3A). From this analy-
sis, we conclude that Notch1 processing by furin is required
to generate a form of the receptor that can transactivate
CSL in response to ligand. Therefore, while we disagree
with the conclusion that furin processing is required for
Notch1 transit to the cell surface (Logeat et al., 1998), we
nonetheless concur with the previous report that furin
processing of Notch1 is necessary for signal transduction
through CSL (Jarriault et al., 1998).
Loss of Furin Processing of Notch1 Does Not
Perturb Notch-Induced Myogenic Repression
Having established a requirement for furin cleavage of
Notch1 in CSL-dependent signaling, we next examined
whether furin cleavage was also required to generate a
Notch receptor that can mediate CSL-independent signal-
ing. To pursue this question, ligand-induced signaling was
examined in C2C12 myoblasts using an established myo-
genesis coculture assay in which we have previously dem- w
Copyright © 2001 by Academic Press. All rightnstrated the existence of a Notch1 signaling pathway that
oes not require CSL transactivation (Nofziger et al., 1999;
Shawber et al., 1996). In these studies, Notch1-expressing
2C12 myoblasts, cocultured with cells expressing the
otch ligand Jagged1, are prevented from differentiating
nto mature myocytes and forming myotubes that express
uscle-specific genes, including myosin light-chain 2
MLC2) (Lindsell et al., 1995; Nofziger et al., 1999). Inter-
stingly, despite the requirement for CSL transactivation in
ost processes involving Notch signal transduction, CSL
ransactivation and HES1 upregulation are not obligatory
or the Notch-induced repression of myogenesis (Nofziger
t al., 1999; Shawber et al., 1996).
When we transfected AT-EK1 DNA into Notch1-
xpressing C2C12 myoblasts, we found that Notch1-
ediated suppression of myogenesis in the presence of
agged1, as measured by MLC2 expression, was not signifi-
antly altered compared to vector-transfected control cells
Fig. 3C). This myogenic suppression is Notch1 dependent,
ince parental C2C12 cells that do not overexpress Notch1
how minimal suppression of MLC2 expression in response
o ligand (Fig. 3C). Since we had established that the
mount of transfected AT-EK1 DNA used was sufficient to
nhibit both Notch1 cleavage into a heterodimer (Fig. 3A)
nd CSL transactivation (Fig. 3B), we concluded that the
bserved Notch signaling in the presence of AT-EK1 occurs
ndependent of CSL transactivation.
These findings are reminiscent of our previous report that
otch can still respond to ligand and inhibit muscle cell
ifferentiation in the absence of CSL-dependent signaling
Nofziger et al., 1999). Indeed, transfection with X-Su(H)dn
NA, previously shown to abolish CSL transactivation
Nofziger et al., 1999), confirmed that this level of myo-
enic inhibition is possible in the absence of CSL transac-
ivation (Fig. 3D), as we still detected suppression of MLC2
xpression in the presence of this CSL antagonist (Fig. 3C).
oreover, CBF1 transactivation assays performed on dupli-
ate platings of the same cells in Fig. 3C show that
reatment of overexpressing N1 myoblasts with AT-EK1 or
-Su(H)dn reduced CBF1 reporter construct activity to
ackground levels seen in parental C2C12 cells (Fig. 3D).
The results of our CSL-luciferase transactivation assays
n C2C12 myoblasts (Figs. 3B and 3D) corroborate a previ-
us report that ligand-mediated CSL transactivation by
otch1 is dependent on furin processing of the receptor
Jarriault et al., 1998). From their analysis, the authors of
his report concluded that furin processing of Notch1 was
equired to generate the only form of Notch that is present
t the plasma membrane and functions in ligand-induced
ignal transduction: the p180/p120 heterodimer. However,
s indicated from our biochemical analysis in HEK293T
ells, the unprocessed p300 form of Notch1 is also present
n the cell surface, at levels which are enhanced in the
resence of AT-EK1 (Fig. 3A). These two pieces of evidence
uggested to us that the unprocessed, p300 Notch1 isoform
as in fact mediating the ligand-dependent, CSL-
s of reproduction in any form reserved.
amount of MLC2 detected from each coculture by Northern
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Copyright © 2001 by Academic Press. All rightindependent suppression of myogenesis in our stable
C2C12 cell lines.
Notch1 Furin Processing Mutants Suppressed
Myogenesis in a Ligand-Dependent Manner
To complement our studies of Notch1 furin processing
using a furin inhibitor, we asked whether Notch1 mutants
that are inherently defective in furin processing would also
be able to suppress myogenesis only in a CSL-independent
manner. The DFC (deleted furin cleavage) mutant encodes
full-length Notch1 with a deletion of 45 amino acids
(1628–1673) encoding the entire sequence recognized and
proteolyzed by furin (Logeat et al., 1998). DFC (defective
furin cleavage) contains five missense mutations, F/V1592,
D/G1595, V/L1596, C/S1674, and C/S1681, in Notch1. We
first confirmed that neither DFC nor DFC Notch1 mutant
proteins could be processed into p120/p180 heterodimers
using detection of p120 in transiently transfected HEK293T
cells (Fig. 4A). Having established that these constructs
encoded unprocessed, full-length Notch1, we generated
stable C2C12 cell lines overexpressing these mutant pro-
teins and demonstrated that the levels of p300 on their cell
surface were increased relative to that of wild-type Notch1
(Fig. 4B). This finding is consistent with the increased
detection of p300 Notch1 in the presence of the furin
inhibitor AT-EK1 (Fig. 3A) and supports the idea that
Notch1 cell surface expression is not dependent on furin
processing.
Immunoblotting the streptavidin-precipitated, biotinyl-
ated protein pool with an antibody directed against the
cytoplasmic domain of Notch1 (93-4) revealed the p120
fragment of endogenous, furin-processed mouse Notch1
(end. p120) as well as the endogenous, unprocessed p300
isoform in the stably transfected C2C12 cells (Fig. 4B). In
addition, the p120 fragment derived from ectopically ex-
pressed rat Notch1 (ect. p120) is detected in the N1 cells
(Fig. 4B, lane 2) and importantly this fragment is not
detected in either DFC or DFC cells, corroborating the lack
of furin processing demonstrated in Fig. 4A for these mu-
tant Notch1 proteins. Since many of our stable cell lines
express some endogenous Notch1 in addition to the exog-
enous Notch1 transgene, any ligand-mediated effects on
either CSL transactivation or myogenic inhibition were
compared directly to those found in parental C2C12 cells
analysis was quantified using PhosphorImaging, and the percentage
MLC2 expression indicates the degree of myogenic differentiation
obtained with the cocultures in the presence of J relative to that
determined in the presence of L cells. The histogram represents
compiled data from at least three separate experiments. (D) CBF1
transactivation assays performed on duplicate platings of the same
cells in (C) show that treatment of overexpressing N1 C2C12
myoblasts with AT-EK1 or X-Su(H)dn reduces CBF1 reporter con-FIG. 3. Furin processing of Notch1 is required for heterodimeric
formation and CSL activation but is dispensable for Notch-induced
myogenic repression. (A) Notch1 and increasing amounts of AT-
EK1 were transiently coexpressed in HEK293T cells and the degree
of furin processing was monitored following biotinylation, strepta-
vidin precipitation, and Western blotting with 93-4. (B) C2C12
myoblasts stably expressing rat Notch1 (N1) were transiently
transfected with increasing amounts of AT-EK1 and 500 ng pJH26
to measure Notch-induced transactivation of this CBF1-reporter
construct. Twenty-four hours posttransfection, either parental fi-
broblasts (1L) or Jagged1-expressing fibroblasts (1J) were added to
the transfected cells. After 24 h, the cocultures were lysed and
assayed for luciferase activity. The histogram represents three
independent luciferase assays. (C) N1 myoblasts were transiently
transfected with vector, AT-EK1, or X-Su(H)dn sequences and
cocultured with either L or J cells and induced to differentiate. Thestruct activity to background levels seen in parental C2C12 cells.
s of reproduction in any form reserved.
500 Bush et al.FIG. 4. Notch1 furin-processing mutants are deficient in CSL activation yet inhibit myogenesis in a ligand-specific manner. (A) HEK293T
cells were transiently transfected with plasmids encoding either vector sequences (V), Notch1 (N1), DFC, or DFC and the expressed proteins
were both immunoprecipitated and immunoblotted with 93-4 antiserum to examine the processing of p300 into heterodimeric Notch1 as
detected by p120. (B) Parental C2C12 myoblasts and cell lines expressing either wild-type N1 or DFC or DFC mutant proteins were
biotinylated followed by precipitation of labeled proteins with streptavidin-agarose beads and Western blotting of Notch-specific proteins
with 93-4 to detect cell surface expression of Notch1. Ect. p120 indicates the p120 furin-cleavage fragment derived from ectopically
expressed rat Notch1 and end. p120 indicates the p120 furin-cleavage fragment derived from endogenous mouse Notch1. (C) The cells
presented in (B) were tested for their ability to transactivate a CBF1-luciferase reporter construct in response to Jagged1 (J). Monolayers of
the indicated cells grown in 10-cm dishes were transfected with a total of 4.25 mg of DNA containing 2.5 mg of 4xwtCBF1Luc plasmid, 0.25
mg of pRL-TK, and 1.5 mg of empty vector. 12–14 h posttransfection the cultures were subcultured into 2 3 3 well plates and 16–24 h later
L or J cells were added to the monolayers which were harvested following an additional 24-h incubation. Luciferase values are reported as
the fold luciferase activity expressed by myoblasts cocultured with J cells compared to that expressed by myoblasts cocultured with
parental L cells. (D) The indicated cell lines were transiently transfected in 2 3 3 wells with either an activated form of Notch1
(pBOS-FCDN1) or empty vector along with the CBF1-luciferase reporter construct. A total of 650 ng of DNA was used per well containing
250 ng of 4xwtCBF1Luc, 100 ng of pRL-TK, and 100 ng of either activated Notch (pBOS-FCDN1) or vector (pEF1a-BOS). Cultures were lysed
and assayed for luciferase activity 48 h later. Luciferase values are reported as the fold luciferase activity expressed by FCDN1-transfected
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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501Ligand-Induced Signaling by Uncleaved Notch1(Fig. 4B, lane 1). In addition to controlling for the effects of
endogenous Notch1 protein, this comparison should mini-
mize the effect of unknown mediators (such as other Notch
proteins) and focus our results on the effect of the overex-
pressed Notch1 transgene alone (Fig. 4B, lanes 2–4).
Consistent with our previous studies, we found that the
DFC and DFC stable cell lines activated CSL poorly com-
pared to a cell line that expresses wild-type Notch1 (Fig.
4C). To rule out clonal defects in Notch-mediated CSL
activation in these cell lines, we transfected these cell lines
with a ligand-independent, constitutively active form of
Notch (FCDN1) (Fig. 4D), which we have previously shown
to be a strong CSL activator (Nofziger et al., 1999), and
ound that each cell line could strongly transactivate CSL.
onsistent with our findings using the AT-EK1 furin inhib-
tor, despite the poor activation of CSL, which is similar to
hat seen in parental C2C12 myoblasts (Fig. 4C, dotted line)
nd whose differentiation is not blocked by Jagged1 (Fig.
E), ligand-expressing cells could nonetheless inhibit the
yogenic differentiation of these stable Notch1 myoblasts
Fig. 4E). These data indicate that Notch1 signaling was
ccurring in the cell lines expressing high levels of unproc-
ssed Notch1 to suppress myogenesis, albeit through a
SL-independent pathway.
We suspect that the slightly greater myogenic inhibition
n the C2C12 myoblasts overexpressing wild-type Notch1
n comparison to the cells overexpressing the furin-
esistant mutants (Fig. 4E, DFC and DFC) might reflect the
act that wild-type Notch1 can reach the cell surface as both
urin-processed and unprocessed forms (Figs. 1B, 3A, and
B). We have previously proposed that the CSL-dependent
nd -independent pathways of Notch signal transduction
ight reinforce each other to provide a more robust block
o myogenesis than either pathway alone (Nofziger et al.,
999). Diminishing the ability of Notch to signal through
he CSL-dependent pathway by mutating furin target se-
uences might thereby account for the reduced level in
igand-mediated suppression of myogenesis we observed
ith either DFC- or DFC-expressing myoblasts compared to
yoblasts expressing wild-type Notch1 (Fig. 4E).
DISCUSSION
While the precise role of uncleaved Notch in signal
transduction remains controversial, this Notch isoform has
now been detected on the plasma membrane for three of the
cells compared to that expressed by vector-transfected cells. (E) Par
wild-type N1 or N1 mutant proteins (DFC or DFC) were cocultured
was isolated and examined by Northern blot analysis for MLC2 ex
loading of the paired cocultures. The amount of MLC2 detected
percentage MLC2 expression indicates the degree of myogenic diffe
that determined in the presence of L cells. The histogram represen
data from at least two independent cell lines for each mutant.
Copyright © 2001 by Academic Press. All rightour mammalian Notch homologues: Notch1 (Ray et al.,
999; Redmond et al., 2000; this study), Notch2 (Blaumuel-
er et al., 1997), and Notch3 (Joutel et al., 2000). In each
ase, while the predominant Notch isoform on the cell
urface is the processed heterodimer, comparably lower
mounts of Notch do exist on the plasma membrane as
ull-length, uncleaved proteins. The relatively higher levels
f the Notch heterodimer are not surprising given that this
orm participates directly in signal transduction through
ntramembrane cleavage and release of its intracellular
omain from the plasma membrane (Chan and Jan, 1998,
999; Weinmaster, 2000). In such a scheme, each receptor
ould become irreversibly modified through loss of its
ytoplasmic domain, and strong signaling would be pre-
icted to require continuous delivery of heterodimeric
otch to the cell surface.
Given that the mode of signal transduction for p300 is
urrently unknown, it is difficult to attach meaning to the
elatively low levels of cell-surface expression. However, if
300 Notch1 signals from the plasma membrane through
n amplification cascade it might not require high cell-
urface expression. Indeed, this is precisely the case for
ertain cytokine and growth factor receptors whose signal-
ng relies on activation of sequential signal transducers. For
xample, it has been estimated that myeloid cells require as
ew as ;500 CSF1 receptors at the cell surface to respond
effectively to CSF1 (Byrne et al., 1981).
Our demonstration of uncleaved p300 as a functional
otch receptor in ligand-mediated signal transduction has
hus far relied on the use of an in vitro cell culture system.
More definitive evidence for the biological relevance of
signaling through uncleaved, full-length Notch, or the role
of CSL-independent signaling through Notch, must await
the development of animal models. We are currently gen-
erating a “knock-in” mouse containing a homozygous de-
letion of the Notch1 furin-processing site similar in struc-
ture to the DFC Notch1 mutant presented here. In addition,
the identification of cellular targets downstream of p300
Notch will further aid the characterization of CSL-
independent signaling.
The data presented here provide the first evidence that
uncleaved p300 Notch1 can function as a receptor, rather
than simply as a processing intermediate of the p180/p120
heterodimer, as has been proposed by others (Blaumueller et
al., 1997; Jarriault et al., 1998; Logeat et al., 1998; Rand et
al., 2000). Moreover, these findings support our previous
reports that Notch1 can signal independent of CSL activa-
l C2C12 myoblasts and C2C12 myoblasts stably expressing either
er differentiation conditions with either L or J cells and total RNA
ion. The methylene blue staining of 18S RNA revealed equivalent
each coculture was quantified using PhosphorImaging, and the
iation obtained with the cocultures in the presence of J relative to
mpiled data from at least three separate experiments and includesenta
und
press
from
rent
ts cos of reproduction in any form reserved.
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502 Bush et al.tion (Nofziger et al., 1999; Shawber et al., 1996) and further
uggest that uncleaved Notch may be an unanticipated
ediator of this CSL-independent pathway. Activation of
ultiple signaling pathways through ligand–receptor inter-
ctions is not unique, nor is proteolytic processing to
enerate a functional ligand-binding receptor. However, the
otion that two different forms of the same transmembrane
eceptor might transduce two distinct pathways in the
ame cell in response to ligand offers an as yet unreported
aradigm in signal transduction. Jagged1 activation of
otch1 signal transduction appears to represent one ex-
mple of such a paradigm, and perhaps similar scenarios
ill become apparent on closer examination of signaling
hrough other transmembrane receptors.
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